Photoinhibition of hypocotyl growth in white cabbage (Brassica oleracea L., cv "Bianco Brunswick") is controlled by UV absorbing receptor(s) and the phytochrome system, while in red cabbage (cv "Rosso Olandese tardivo invemale") phytochrome can act without any requirement for the action of a specific UV receptor. Similar results have been obtained for the photoregulation of anthocyanin production. Twenty-four hour preirradiations with UV light or 692 nanometers light lead to the same increase in responsiveness of the system toward Pfr in a following dark period, suggesting a phytochrome promotion of subsequent light induction for both.
A considerable number of studies have been reported on the effects of UV radiation on higher plants (2, 3, 10, 23) . Nevertheless, the nature and the mode of interaction between the photoreceptors involved in the control of the photomorphogenic responses induced by UV irradiation, is still an open question. UV may induce both negative (damaging) and positive (nondamaging) effects in higher plants, and the same response can be differently affected (positively or negatively) depending on the fluence rate (1 1). UV light is absorbed by phytochrome, the red-far red reversible photoreceptor of plants, causing photoconversion of Pr to Pfr and vice versa, both in vitro (see 13 for the relevant literature) and in vivo (15) . A specific blue-UV receptor known as cryptochrome, with one of its peaks at about 370 nm has been characterized by action spectroscopy (16) . In addition, a little studied UV-B2 photoreceptor has been reported (7) .
Thus, morphogenic responses to UV light may be mediated by phytochrome, UV photoreceptors, or both. Yatsuhashi et al. (24) using short irradiation periods have been able to separate, in sorghum plants, an ultraviolet action at 290 nm, that is independent of phytochrome, and another one at 385 nm that is mediated exclusively through phytochrome. The mechanism of UV action is, possibly, more complicated when the effects of prolonged irradiation are studied (1 1) . ' Supported by Consiglio Nazionale delle Ricerche, Italy, grants No. 85.01554.06 and 86.00949.06, and by Ministero della Pubblica Istruzione Ricerca Scientifica, 40%.
2Abbreviations: UV-B, 280-320 nm; K, rate constant for phytochrome photoconversion; (P, Pfr/Pr+Pfr ratio at photoequilibrium;a, phytochrome photoconversion cross-section; N, photon fluence rate; UV-A, 320-400 nm; UV-C, 190-280 nm.
The results of Sponga et al. (21) suggest that phytochrome and cryptochrome may play different roles in the blue-lightinduced anthocyanin production in different strains of cabbage. Preliminary work in our laboratory showed that the elongation of the hypocotyl in cabbage is inhibited by UV light. Therefore, cabbage seedlings appear to be a suitable material to investigate the nature of the photoreceptors involved in UV-induced morphogenic responses. Photoregulation of anthocyanin production and the growth reduction under UV light are considered to be ubiquitous protection mechanisms against damage by UV-B and UV-C (2, 23). Thus, we have chosen two cabbage cultivars, one red and short, and the other white and tall, which may provide a system to look for a photoreceptor or transduction chain present in one cultivar that is absent in the other.
In order to determine if phytochrome alone or phytochrome and a separate UV-absorbing receptor are involved in mediating the action of prolonged UV irradiations on both anthocyanin production and hypocotyl elongation, we carried out experiments based on the 'light-equivalence principle' (17, 19, 20) . According to the light equivalence principle for photochromic pigment (i.e. phytochrome) two light treatments are equivalent with respect to the phytochrome system when both the photoconversion rates (K), and the photoequilibrium are the same at two different wavelengths. Thus, the physiological effectiveness of different wavelengths can be compared and, if the physiological responses are quantitatively different, the differences must be attributed to the action of separate photoreceptors working at the two wavelengths. (9, 22) . Some phytochrome assays were also conducted in Freiburg i.Br., FRG, using a modified ratiospect; the measuring procedure was the same as that described by Schafer and Mohr (18) .
MATERIALS AND METHODS
For phytochrome measurements in hypocotyls, intact seedlings were irradiated on ice. After the irradiations the seedlings were removed and cut under dim green safe light. The results obtained in Freiburg and in Pisa were very similar. Therefore, we report the results altogether, without any distinction.
Preliminary experiments were performed to select a narrowband interference filter as source for the monochromatic light that would produce a Pfr/Ptot ratio at photoequilibration most similar to the Pfr/Ptot ratio established at photoequilibrium by UV light. The monochromatic light, obtained by using a Leitz Prado projector as a light source in combination with a DEPIL 692 nm interference filter (Schott & Gen, Mainz, FRG), produced a Pfr/Ptot ratio at photoequilibrium very similar to that produced by UV light (both were about 0.56). The photoequilibrium of phytochrome, in both cultivars of cabbage, under UV light irradiation was 'P UV = 0.56 ± 0.03. The photoequilibrium of phytochrome under 692 nm irradiation was 'P 692 nm = 0.55 ± 0.03. The rate constant for phytochrome photoconversion, K, has been calculated from the equation
where t612 is the duration of the irradiation (determined experimentally) required to reach 50% of the value of the Pfr/ Ptot ratio at photoequilibrium. The comparison, of anthocyanin synthesis and hypocotyl elongation in carotenoid and Chl-free plants, between UV light (absorbed by UV-absorbing receptors and phytochrome) and 692 nm light absorbed by phytochrome, but not by UVabsorbing receptors, was made with 24-h irradiation periods immediately followed by 15 min 758 nm (6 W m-2) irradiation followed by 24 h in the dark.
Anthocyanin Measurement
For the determination of anthocyanin, the hypocotyls of 25 seedlings were extracted in 10 cm3 of acidified (1% HCI, w/v) methanol for 2 d at 4°C, with shaking at 12-h intervals. Extracts were clarified by filtration and absorbance values were measured at 530 nm and 657 nm. According to Mancinelli and Rabino (12) , the formula A530 -A657 was used to compensate for the absorption of Chl derivatives at 530 nm.
All values presented are the means of experiments repeated at least three times (9-12 replicates). The standard errors of the means were between 4 and 7%.
Measurements of the Inhibition of Hypocotyl Growth
The length of the hypocotyls was measured after 96 h dark (Control A), or after 120 h dark + 
RESULTS
Anthocyanin production in red cabbage occurs in the dark and is enhanced by light. In white cabbage this phenomenon requires the presence of light (Fig. 1) phytochrome photoequilibria (SOUV = 0.56; 'P far red < 0.03).
Red cabbage, on the other hand, shows a relatively low sensitivity to UV light and a very high sensitivity to far red light (Fig. 2) . The treatments in which red cabbage was irradiated with far red, blue, UV, and red light at similar photon fluence rate displayed promoting effects in the diminishing order far red > blue > UV > red light (Fig. 2) . While the same treatments in white cabbage showed the following order: far red > UV > blue > red light (Fig. 1) . The spectral sensitivity of the two cultivars is not affected by the presence or absence of Norfiurazon.
The phytochrome content determined spectrophotometrically in vivo at first glance appears twofold higher in red cabbage. But, if we take in account the dilution factor determined by the greater length of the cells in white cabbage, the phytochrome content in individual seedling of the two cultivars, on a per cell basis, is very similar (Fig. 3) .
Hypocotyl Growth Inhibition
The elongation rate and the rate of increase in fresh weight in the dark are very similar in both the cultivars during the experimental period, 96 to 120 h after sowing. When hypocotyl growth inhibition in the red cabbage is represented as a function of the rate of phytochrome photoconversion (K), UV and 692 nm irradiation are equally effective (Fig. 4) . If the hypocotyl growth inhibition is compared on the basis of photon fluence rate, 692 nm is more effective than UV light. The photon fluence rates of UV light required to obtain the same amount of hypocotyl growth inhibition are twofold higher than the photon fluence rate of 692 nm light. This is exactly the value of the a 692:oa UV ratio determined experimentally for the phytochrome system in cabbage. These results indicate that phytochrome alone absorbs the effective light in UV-induced hypocotyl growth inhibition of red cabbage.
In white cabbage, when hypocotyl growth inhibition is plotted as a function of photoconversion rates of the phytochrome system, UV light at high photoconversion rates is significantly more effective than 692 nm light. These results indicate that the induction of hypocotyl growth inhibition by UV light at high photon fluence rates is mediated by a specific UV absorbing photoreceptor. This conclusion is further supported by an analysis of the extent of inhibition in the two cultivars: the growth inhibition is very similar (between 23 and 30%) under high photon fluence rates of both UV and 692 nm light in red cabbage (only phytochrome involved) and under high photon fluence rates of 692 nm (only phytochrome involved) in white cabbage. The inhibition of growth induced by high photon fluence rates of UV reach very high values; about 75% in white cabbage. The results obtained with the white cabbage suggest that at low photon fluence rates the effects of UV are mediated by the phytochrome system while at higher photon fluence rate the action of a specific UV light absorbing receptor(s) is manifested.
Anthocyanin Production
In white cabbage, the effects of 24 h UV and 692 nm irradiations on anthocyanin production are very similar to those obtained with the photocontrol of hypocotyl growth (Fig. 5) . The plots of the amount of anthocyanin produced against K show that, at low photoconversion rates, the irradiations with UV light and 692 nm light are equally effective, while at higher K values the efficiency of UV is significantly higher. Thus, for anthocyanin formation, we have to consider the action of two photoreceptors: phytochrome and a specific UV receptor(s). We reach the same conclusions if we plot the extent of the physiological response (anthocyanin formation) against the photon fluence rate. In red cabbage, under similar irradiation conditions, the differences between 24 h UV and 24 h 692 nm light at different photon fluence rates, and (Table I) .
DISCUSSION
In this paper we present results of experiments based on the light-equivalence principle (17, 19, 20) in order to determine the nature of the photoreceptor involved in the mediation of the action of UV light on hypocotyl growth inhibition and anthocyanin production in cabbage. The comparison between UV light (absorbed by phytochrome and UV absorbing receptors) and 692 nm light (absorbed by phytochrome but not by UV absorbing receptors) was made with 24 h irradiation periods immediately followed by a 15 min, 758 nm treatment and a subsequent 24 h dark period on Chl-and carotenoid-free plants. The results of our studies imply that inhibition of hypocotyl growth in white cabbage is controlled by both the UV absorbing receptor(s) and the phytochrome system, while in red cabbage phytochrome can act without any requirement for the action of a specific UV receptor.
As far as the photocontrol of anthocyanin production is concerned, the same conclusions are valid. For the white cabbage: phytochrome alone is involved in responses at low photon fluence rate of UV light, while the action of specific UV absorbing receptor(s) is manifested under high fluence rate. The results are less clear for the red cabbage but, like hypocotyl growth, it appears to be explicable solely on the basis of phytochrome. These results are in agreement with previous results in other higher plants (4-6, 11, 21) .
End of day red and far red treatments in white cabbage are ineffective irrespective of the quality and photon fluence rate of the 24 h preirradiations, while in red cabbage the effect of a 24 h irradiation with 692 nm or UV light produces the same increase of responsiveness to Pfr in the dark, suggesting for both a phytochrome promotion of a subsequent light induction response (1). In summary, our results are not consistent with the theory (6, 14) that light absorbed by UV photoreceptors can lead to an increase in responsiveness toward Pfr in a subsequent dark period.
